Summary. Peritubular myoid cells, surrounding the seminiferous tubules in the testis, have been found in all mammalian species, but their organization in the pentubular interstitial tissue varies by species. In laboratory rodents, including rats, hamsters and mice, only one layer of myoid cells is seen in the testis. The cells in these animals are joined by junctional complexes as are epithelial cells. On the other hand, several cellular layers exist in the lamina propria of the seminiferous tubule in the human and some other animals. Myoid cells contain abundant actin filaments which are distributed in the cells in a species-specific manner. In the rat, the filaments within one myoid cell run both longitudinally and circularly to the long axis of the seminiferous tubule, exhibiting a lattice-work pattern. The arrangement of the actin filaments in the cells changes during postnatal development, and the disruption of spermatogenesis, such as cryptorchidism, seems to affect further the arrangement of the filaments. Other cytoskeletal proteins, including myosin, desmin/vimentin and a-actinin, are also found in the cells. Myoid cells have been shown to be contractile, involved in the transport of spermatozoa and testicular fluid in the tubule. Several substances (prostaglandins, oxytocin, TGFB, NO/cGMP) have been suggested to affect the contraction of the cell, though the mechanisms of the contraction are still unknown. Recent in vitro studies have demonstrated that the cells secrete a number of substances including extracellular matrix components (fibronectin, type I and IV collagens, proteoglycans) and growth factors (PMOdS, TGFB, IGF-I, activin-A). Some of these substances are known to affect the Sertoli cell function. Furthermore, it has been reported that myoid cells contain androgen receptors and are involved in retinol processing. Considering all this, it is evident that peritubular myoid cells not only provide structural integrity to the tubule but also take part in the regulation of spermatogenesis and the testicular function. Their precise roles, however, remain to be solved.
In 1901, REGAUD observed a continuous single layer of flattened cells surrounding the seminif erous tubule in the rat, and described these cells as modified connective tissue cells. The cells were investigated further by electron microscopy by CLERMONT (1958) . He found that these cells of the rat contain a dense meshwork of extremely fine filaments. In addition to the existence of the cytoplasmic filaments, other cytological features such as invaginations at the cell surface and a central location of organelles, indicate that the cells are similar to smooth muscle cells. Before this observation, ROOSEN-RUNGS (1951) reported contractile motions of the seminiferous tubules of the rat and dog, and attributed these to the Sertoli cells. However, CLERMONT (1958) showed that portions of a gently squeezed tubule, which had been freed from germinal cells and Sertoli cells, still exhibited a periodic contraction. He concluded that the smooth muscle-like cells, which he designated "interlamellar cells", were responsible for the tubular contraction. The fine structure of these cells in the mouse was studied by Ross (1967) , who referred to the cells as "peritubular contractile cells". FAWCETT et al. (1969) introduced the term "myoid cells" based on their cytological resemblance to smooth muscle cells at the electron microscope level.
STRUCTURE
Species-specific differences Arrangements of testicular intertubular (interstitial) tissues differ from species to species. Comparative studies on the organizations of the interstitial tissue have classified three or four patterns according to the occupied space of lymphatics, blood capillaries, Leydig cells and connective tissue cells (FAWCETT, 1973; FAWCETT et al., 1973) . The postnatal development of the boundary tissue of the seminiferous tubule has been investigated in the mouse (Ross, 1967) , rat (LEESON and LEESON, 1963; KORMANO and HOVATTA, 1972; PALOMBI et al., 1992) , sheep (BUSTOS-OBREGON and COUROT, 1974) , rabbit (LEESON and FORMAN, 1981) , and bull (WROBEL et al., 1988) .
The organization of the myoid cell layers also differs among species (BUSTOS-OBREGON, 1976; CHRISTL, 1990) . Laboratory rodents including rats (LACY and ROTBLAT, 1960) , mice (GARDNER and HOLYOKE, 1964; Ross, 1967) and hamsters (MCCORD, 1970 ) have a single layer of myoid cells (Figs. 1, 2 ). The rat myoid cells have been imaged by scanning electron microscopy, applying the digestion method for connective tissues (MURAKAMI et al., 1979) . It is obvious that the myoid cells are very thin, flattened elements with shapes varying from rectangular to hexagonal (Fig.  1) . The cells are arranged close to each other in the fashion of a tiled floor around the tubule. In larger animals, such as the rabbit (CRABO, 1963; LEESON and FORMAN, 1981) , ram (BUSTOS-OBREGON and COUROT, 1974), bull (WROBEL et al., 1979) and in humans (Ross and LONG, 1966) , myoid cells are arranged as more than one layer. Five to seven cellular layers, each separated by extracellular connective tissue, were found in the lamina propria of the human seminiferous tubule (BUSTOS-OBREGON and HOLSTEIN, 1973; BUSTOS-OBREGON, 1976; HOLSTEIN and ROOSEN-RUNGE, 1981) . Among these cellular layers, immunohistochemical studies have shown that the outer one or two layers of the lamina propria consist of fibroblasts, as shall be discussed later (DAVIDOFF et al., 1990) . The myoid cells in the human testis additionally possess characteristics of fibroblasts, and therefore are designated as myofibroblasts (BOCK et al., 1972) . The heterogeneity of these cells of the human seminiferous tubule has been reported by HOLSTEIN et al. (1996) . Myoid cells are derived from mesenchymal cells, as are Leydig cells and fibroblasts. An ultrastructural study has suggested that, in human testis, myoid cells may develop into Leydig cells (CHRISTENSEN, 1975) .
Smooth muscle-like peritubular cells also have been reported in the domestic fowl (ROTHWELL and TINGARI, 1973) , quail ( VAN NASSAUW et al., 1993) and reptilian testes (UNSICKER and BURNSTOCK, 1975) . However, three species of anuran amphibia lack a peritubular layer of myoid cells comparable to that in the mammalian testis (UNSICKER, 1975) . The widespread occurrence of myoid cells among various species suggests the importance of these cells in the testis.
Actin filaments in the myoid cells Abundant filaments observed in the myoid cells were found to be actin filaments, and the opposing polarity of the filaments was seen using heavy meromyosin decorations (TOYAMA, 1977) . Actin filaments are also abundant in ectoplasmic specializations of Sertoli cells and Sertoli cell regions adjacent to the tubulo- bulbar complex within the seminiferous epithelium (VOGL and SOUCY, 1985; VOGL, 1989) . Among several actin isoforms, a-smooth muscle isoactin can be detected only in the myoid cells and vascular smooth muscle cells, and not in other cell types of the rat testis (TUNG and FRITZ, 1990) . Alpha-smooth muscle actin could be used as a specific marker for the differentiation of testicular myoid cells in the monkey (SCHLATT et al., 1993) .
With the use of fluorescence-labeled phallotoxins for the detection of the actin filaments, it has been revealed that myoid cells have a special arrangement of actin filament bundles in the ground squirrel (VOGL and SOUCY, 1985) and rat (VOGL et al., 1985; RUSSELL et al., 1989) . In these animals actin-filament bundles run in different directions within one myoid cell. The bundles are oriented in two directions parallel (longitudinal) and perpendicular (circular) to the long axis of the tubule. Since the myoid cells have been described as very thin, denuded tubule walls could be used to demonstrate actin filaments of the cells in the previous studies (VOGL and Soucy, 1985; VOGL et al., 1985; RUSSELL et al., 1989) .
The recent development of confocal laser microscopy has enabled to observe whole-mounted seminiferous tubules. Using this method, we examined the arrangement of actin filaments in the rat, golden hamster and mouse testes (MAEKAWA et al., 1991 (MAEKAWA et al., , 1994 (MAEKAWA et al., , 1995 . These rodents have a single layer of myoid cells; differences among the three species could be visualized in the arrangement of actin-filament bundles in these cells (Fig. 3 ). The rat testis shows the most prominent lattice-work arrangement of the filament, running circularly and longitudinally to the tubule. In the golden hamster, filament bundles running circularly around the tubule are more prominent than longitudinally oriented ones. In the myoid cells of the mouse, the actin-filament bundles are thinner than in the rat and hamster and show a less prominent lattice-work.
The special arrangement of the filaments appears to play an important role in the movements of the cells. It is speculated that the differences in the distribution pattern of actin filaments among the three species might imply speciesspecific contractile movements of the tubule. Nuclei of the myoid cells are elliptic in shape, showing a tendency to be elongated in a circular direction in the tubule (Fig. 3 ). In the human testis, where several layers of myoid cells (myofibroblasts) are found as described above, the morphology of the cell is highly complicated. HOLSTEIN et al. (1996) have observed that the cell has bilayered peripheral cell bodies, and that the actin filaments in different cytoplasmic layers of one myofibroblast run in different directions. The complex organization in the human testis might reflect the delicate control of the contraction and/or other function of the cell.
Morphometric analysis of the myoid cells by confocal microscopy has been carried out in the three species of rodents (MAEKAWA et al., 1994) . Since the staining of actin filaments reveals the contours of the cells, their area can be calculated by tracing the contours. The highest mean value of the myoid cell area was obtained in the golden hamster (2686+98 mm2), then the rat (2218+80mm2), and the lowest in the mouse (1782+45mm2). The cell surface area of the myoid cell in the golden hamster has also been obtained by use of quantitative electron microscopy (KUROHMARU et al., 1990) , and their result (1908+605 mm2) was smaller than ours.
Changes in the arrangement of actin filaments during postnatal development and in experimental conditions
In the rat myoid cells, contractile filaments appear at the age of 10 days (LEESON and LEESON, 1963) or 15 days (KORMANO and HOVATTA,1972) , and myoid cells mature in morphology by 22 days (LEESON and LEESON, 1963) or 25 days (KORMANO and HOVATTA,1972) . The arrangement of the actin filaments changes during postnatal development. According to RUSSELL et al. (1989) , parallel actin filaments are present at 10 days, and by 22 days actin filaments form an adult-like meshwork pattern. In our recent study (MAEKAWA et al., 1995) , only circular bundles of actin filaments were seen in the rat myoid cells at 15 days of age, and longitudinal bundles appeared at 30 days. The lattice arrangement of the actin filaments was completed at 40 days, when elongated spermatids occurred in the seminiferous epithelium. These data suggest that the myoid cells may mature morphologically before the completion of spermatogenesis.
It is well known that the induction of experimental cryptorchidism results in the disruption of spermatogenesis by high abdominal temperature (MOORE, 1924) . Cryptorchidism also affects myoid cells morphologically (KERR et al., 1979) . Seven days after abdominal confinement, the arrangement of actin filaments in the rat myoid cells shows a remarkable disruption (MAEKAWA et al., 1995) . KUROHMARU et al. (1990) have reported changes in structure of myoid cells during inactive states of spermatogenesis in the golden hamster. They also have noted that actin filaments do not seem so prominent in inactive animals as in active ones. These results suggest that actin filament arrangements in the myoid cell may reflect spermatogenic activity.
Other cytoskeletal proteins in the myoid cell
In addition to actin, myoid cells also contain other cytoskeletal proteins. Myosin filaments are immunolocalized in a fashion similar to the distribution of the actin filaments in the myoid cells of the ground squirrel (VOGL and SOUCY,1985) , and rat and human (VIRTANEN et al., 1986) . Intermediate filaments have been recognized in the swine and mouse myoid cells by an ultrastructural study (TOYAMA, 1975) . Desmin, a muscletype protein of intermediate filaments, has been immunolocalized in myoid cells of the human (VIRTANEN et al., 1986; MARTIN et al., 1992; KOHNEN et al., 1995) and rat (VIRTANEN et al., 1986; PALOMBI et al., 1992; PARANKO and PELLINIEMI,1992) . However, STEGER et al. (1994) have demonstrated that the myoid cells of the bull and ram do not contain desmin, but instead show vimentin, which is abundant in fibroblasts. These results might reflect species-specific differences in the degree of differentiation from fibroblasts to smooth muscle cells in the myoid cell population (BUSTOS-OBREGON and COUROT,1974; LEESON and FORMAN 1981; WROBEL et al., 1979 WROBEL et al., , 1988 . DAVIDOFF et al. (1990) have reported that the inner three to four cellular layers in the lamina propria of the human seminiferous tubule show immunoreactivity for both desmin and vimentin, whereas the outermost one or two cellular layers have immunoreactivity only for vimentin. They therefore concluded that the outer layer(s) are true fibroblasts. In human subjects with Klinefelter's syndrome, desmin-containing peritubular cells decrease, while the vimentin-containing cells increase with the progression of sclerosis in the lamina propria of the seminiferous tubule (MARTIN et al., 1992) .
One of the actin-binding proteins, a-actinin, has been immunolocalized in the rat myoid cells by confocal laser microscopy (Fig. 4) and immuno-electron microscopy (Fig. 5) . This protein is distributed as dots in the actin filament bundles of the myoid cells (Fig. 4) , and seems to exist in dense bodies of the myoid cell (Fig. 5) . These results correspond to other reports showing the existence of the a-actinin in dense bodies of smooth muscle cells in the chicken gizzard (GEIGER et al., 1981) and in stomach muscle layers (FAY et al., 1983) . Another cytoplasmic protein, vinculin, which interacts with actin (MENKEI, et al., 1994 ) and a-actinin (BELKIN and KOTELIANSKY, 1987; WACHSSTOCK et al., 1987) , is also detectable in the rat myoid cells by immunofluorescence staining (GROVE and VOGL, 1989; GROVE et al., 1990) .
FUNCTION

Blood-testis barrier
Myoid cells are known to act as a partial permeability barrier to help create the blood-testis barrier (DYlv1 and FAWCETT, 1970) . The morphological basis of the blood-testis barrier was examined with the electron microscope by FAWCETT et al. (1970) . Large tracers, carbon and thorium dioxide, are unable to traverse the myoid cell layer in the guinea pig, whereas smaller markers such as ferritin and peroxidase are not completely excluded (FAWCETT et al., 1970) . In the rat, occluding junctions exist between adjacent myoid cells to prevent the passage of lanthanum into the 
Contraction
Myoid cells play a role in contractions of the seminiferous tubule to aid the transport of spermatozoa in the tubular lumen. Since ROOSEN-RUNGE (1951) first reported the motility of the seminiferous tubules of rats and dogs, the contractility of myoid cells has been studied in vitro, including in the human (MIYAKE et al., 1986) . Several substances, including prostaglandins (YAMAMOTO et al., 1987) , transforming growth factor 13 (TGF)3) (AILENBERG et al., 1990) , endothelin (FILIPPINI et al., 1993) and the NO/cGMP system (DAVIDOFF et al., 1995; HOLSTEIN et al., 1996) , have been shown to affect the contractions of seminiferous tubules. Exogenous oxytocin also stimulates the contraction of isolated seminiferous tubules (NIEMI and KORMANO, 1965) , although no oxytocin receptors have been detected on myoid cells (PICKERING et al., 1989) . Recently, HOWL et al. (1995) have demonstrated that myoid cells in the adult rat express vasopressin receptors, and suggested that the effect of oxytocin must have been due to the oxytocin-induced activation of vasopressin receptors on the myoid cells. The mechanisms involved in the modulation of the tubular contractility are unknown. Immunohistochemical studies indicate no innervation to the myoid cells in the rat testis (CARVALHO et al., 1986; NAGANO et al., 1994) . This fact suggests that the contractility of the seminiferous tubule might be regulated by paracrine actions of the substances mentioned above. KORMANO and HOVATTA (1972) have reported that in vitro contractility of the seminiferous tubules of the rat is detected at the age of 15 days when the actin filaments first appear, and that the depth of the contraction increases up to 60 days, when sexually matured. Contractility may be associated with the cyclic stages of the seminiferous epithelium in the rat (SUVANTO and KORMANO, 1970) . They have observed both contractile and non-contractile segments of the seminiferous tubules in vitro, and during stages IV to VII, in which maturing spermatids begin to move towards the lumen, the ratio of number of contractile to non-contractile segments is relatively high, compared to other stages.
We recently observed the spontaneous contraction of the seminiferous tubule in vivo, using adult rats anesthetized with halothane under the respiration and temperature controls (NAGANO et al., 1994) . In this system, changes in the internal pressure of the tubule are also detectable (Fig. 6) , due to the movement of the internal content, namely spermatozoa and testicular fluid. The frequency of the pressure change in the seminiferous tubule is 0.17-0.23Hz, and is lower than that of epididymal ducts where several muscle layers and rich innervation are present The particles are seen in the dense bodies. E endothelial cell, N nucleus of the myoid cell. x45,000 (NAGANO et al., 1994) . In addition to the peritubular myoid cells, smooth muscle-like contractile cells are also found in the tunica albuginea of the testis (HOLSTEIN, 1967; HOLSTEIN and WEISS, 1967; DAVIS and LANGFORD, 1970; HARGROVE et al., 1977) . Contraction of the testicular capsule could also influence the movement of spermatozoa and fluid in the seminiferous tubule.
Secretion of extracellular matrix components
Peritubular myoid cells are in contact with the basal surface of the Sertoli cells. Both myoid cells and Sertoli cells are known to cooperate in the production and formation of a complex extracellular matrix (RAYCHOUDHURY et al., 1992 (RAYCHOUDHURY et al., , 1993 THOMPSON et al., 1995) , providing structural integrity to the seminiferous tubule. It has been reported that myoid cells produce fibronectin (TUNG et al., 1984; SKINNER et al., 1985) , type I and IV collagens (SKINNER et al., 1985) , and proteoglycans (SKINNER and FRITZ, 1985b) . On the other hand, Sertoli cells have been demonstrated to produce laminin, type IV collagen (SKINNER et al., 1985; BORLAND et al., 1986; DAVIS et al., 1990 ) and proteoglycans (SKINNER and FRITZ, 1985b) . Basement membrane gene expression by myoid and Sertoli cells has also been examined in vitro in the rat (SKINNER et al., 1989c, d; RICHARDSON et al., 1995) . HADLEY et al. (1985) have suggested that the extracellular matrix can influence the morphology of the Sertoli cell and the polarized secretion of Sertoli cell products in vitro.
Secretion of growth factors
In addition to the secretion of the extracellular matrix components, myoid cells also synthesize several secretory products. It has been demonstrated that the cells produce a paracrine factor, termed PModS (SKINNER and FRITZ, 1985a; SKINNER et al., 1988; NORTON and SKINNER, 1989) , which modulates a number of Sertoli cell functions, such as the secretion of transferrin, inhibin, and androgen-binding protein (ABP) (SKINNER et al., 1989a, b) . The actions of PModS on the Sertoli cell function appear to be more profound than FSH (SKINNER et al., 1988) . Myoid cells also have been reported to secrete growth factors, such as transforming growth factor a (TGFA) (SKINNER et al., 1989d) , transforming growth factor R (TGFJS) (SKINNER and MOSES, 1989) , insulin-like growth factor I (IGF-I) (CAILLEAU et al., 1990) , and activin-A (DE WINTER et al., 1994) . Reportedly, fibroblast growth factor (FGF) is immunolocalized in the human myoid cells (HOLSTEIN et al., 1996) , and its receptor is expressed in the rat myoid cells (LE MAGUERRESSE-BATTISTONI et al., 1994) . These factors presumably have regulatory roles important in the coordination of the complex process of spermatogenesis.
Other possible functions
Testosterone is known to regulate myoid cell function and differentiation (BRESSLER and ROSS, 1972; SKINNER and FRITZ, 1985a) . However, KUROHMARU et al. (1990) reported that myoid cells from the golden hamster showed little morphometric change under depressed hormonal conditions induced by photoperiodic modifications, in contrast to marked alterations in both Sertoli and Leydig cells. Immunohistochemical studies have shown the existence of androgen receptors in myoid cells, Sertoli cells and Leydig cells in the rat testis (SAR et al., 1990; TAKEDA et al., 1990; BREMNER et al., 1994; VORNBERGER et al., 1994) . In these cells, the androgen receptor mRNA is also detectable by in situ hybridization (SHAN et al., 1995) . Androgens, produced by Leydig cells, are essential for the maintenance of spermatogenesis and the testicular function. Thus, androgen effects on the testicular function might partly be mediated by myoid cells.
Retinoids are essential for the maintenance of normal spermatogenesis.
It has been demonstrated that myoid cells contain cellular retinol-binding protein (CRBP), but not cellular retinoic acid-binding protein (CRABP) (BLANER et al., 1987; FARAONIO et al., 1993) . DAVIS and ONG (1995) have reported that rat myoid cells can internalize retinol in vitro. This suggests that myoid cells are involved in the processing of retinol.
Alkaline phosphatase activity is detected in the myoid cells of the rat (CHAPIN et al., 1987) . This enzyme provides a useful histochemical marker, as well as the already discussed desmin, for investigation of the myoid cell function and differentiation (PALOMBI and DI CARLO,1988) . Both testosterone and retinol appear to stimulate alkaline phosphatase activity in the rat myoid cell culture (ANTHONY and SKINNER, 1989) .
Myoid cells also secrete an inhibitor of plasminogen activator (HETTLE et al., 1988) , whereas Sertoli cells are known to produce plasminogen activator, one of the serine proteases (LACROIX et al., 1977; LACROIX and FRITZ, 1982) . This is another example of cooperation between myoid cells and Sertoli cells, in addition to the secretion of the extracellular matrix and paracrine factors as indicated above. Myoid cells are involved in the control and maintenance of the Sertoli cell function and, therefore, may indirectly influence the process of spermatogenesis.
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